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We report silicate nanoscrolls composed of only SiO, tetrahedra with crystalline walls for the first time in this study. The

procedure consists of the intercalation of layered octosilicate with dioctadecyldimethylammonium bromide ((C,5),DMABr)

and the subsequent solvothermal treatment of the intercalated material in heptane. The walls of the obtained nanoscrolls

are crystalline, which originates from layer crystallinity in the pristine silicate. The direction of rolling up is fixed at the a- or

b-axis of the silicate based on the electron diffraction patterns of the nanoscrolls. Desorption of (C;g),DMABr, which is

present in addition to (Ci5),DMA cations, from the interlayer during solvothermal treatment is likely related to the

nanoscrolling process. Although the yield of nanoscrolls is low, these findings will lead to the re-estimation of many

layered silicates intercalated with long-chain alkylammonium compounds as precursors for silicate nanoscrolls with

crystalline

Introduction

Nanoscrolls with one-dimensional (1D) nanostructures, formed
by the exfoliation and rolling up of layered inorganic materials,
are attracting much research interest due to their unique
architecture and potential applications.! They contain two
kinds of nanospaces, tubular nanopores and variable
interlayers within the walls of the tubular structures. The
variable interlayers are unique in nanoscrolls, being in contrast
to concentric-type multi-wall nanotubes. Nanoscrolls have

been obtained from various layered materials, including
graphene,? hexagonal boron nitride,3 layered
sulfides/selenides,* layered hexaniobates,® layered titanate,?
layered manganese oxide,? layered
tantalates/titanotantalates,® layered vanadates,” chrysotile
(layered magnesium silicate),® hydrated halloysite and
organically intercalated kaolinite (both are layered

aluminosilicates),® and layered (double) hydroxides.® Various
applications of nanoscrolls have been studied as catalysts,>®!!
electrochemical devices, etc.l2 The surface-related functions
including (photo)catalysis of nanoscrolls are expected to be
useful because of larger specific surface area. Nanosheets
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walls.

possibly tend to aggregate to significantly lose accessible
surfaces, while the interlayer surfaces in nanoscrolls can be
utilized after aggregation.>®9d As the properties of nanoscrolls
depend on nanoscroll structure and composition, increasing
the number of available compositions is important for further
development of materials chemistry on nanoscrolls.

To generate nanoscrolls from layered materials, the
following requirements should be satisfied. i) A decrease in the
interactions between neighboring layers and ii) asymmetric
factors within a layer. With regard to the first requirement i),
the interactions between neighboring layers should be
decreased for peeling to occur. The requirement ii) can induce
tensile forces within the layer and hence the layer can scroll.
The asymmetry of a single layer is directly reflected in the
asymmetric layer structure itself>® and/or environmental
differences between the outer and inner surfaces of the
outermost layers.12.2-4,6-7,10

Naturally occurring hydrated halloysite is well known to
possess nanoscrolls arising from the asymmetric nature of 1:1
type clay mineral composed of tetrahedral silicate layers and
octahedral aluminate layers. The nanoscrolling is caused by
the interlayer water, relaxing the structural tension.’3
Kaolinite, typical 1:1 type clay mineral, can be converted into
nanoscrolls by relaxing the same tension by intercalation of
large organic compounds like long-chain
alkyltrimethylammonium chloride.®® Some layered materials
with symmetric layers cannot be converted into nanoscrolls,
implying that the simultaneous fulfiiment of the above-stated
two requirements is very difficult. Therefore, to increase the
variety of nanoscrolls available, new methods are needed.

Thus far, there have been no reports on the conversion of
synthetic layered silicates into nanoscrolls. They possess
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crystalline layers composed mainly of SiO, tetrahedra and
exchangeable cations in the interlayer spaces.'* The most
characteristic aspect of layered silicates is the presence of Si—
OH groups regularly arranged on the interlayer surfaces due to
layer crystallinity. Such Si—OH groups can participate in
covalent reactions!® including inter-'®* or intra-layer
condensation,” silylation,’® and esterification.’® When
nanosheets scroll to form nanoscrolls, channel-like nanopores
are generated in the center part of the obtained nanoscrolls.
Therefore, nanoscrolls derived from layered silicates can be
regarded as nanoporous silica with crystalline walls and
regularly arranged Si—OH groups on the surfaces of inner and
outer tubular nanosheets. Such unique nanoporous silica is
very promising, because the surfaces of pore walls can be
modified in an ordered manner using the regularly arranged
Si—-OH groups. Such regular arrangement is useful for
determining the distance between immobilized functional
groups. This control can contribute to a deeper understanding
of the mechanisms of catalysis and chemical adsorption by
defining the reactive and adsorption sites. However,
nanoscrolls composed of pure silica have not been reported so
far to the best of our knowledge, probably because almost all
layered silicates contain symmetric layers, suggesting that they
cannot be easily converted into exfoliated/delaminated
nanosheets by decreasing interactions between neighboring
layers. If a process can be designed to fabricate silicate
nanoscrolls from layered silicates, such a method can be used
to increase the variety of nanoscrolls available. Further, this
method might open up a new avenue to produce nanoscrolls
from layered materials.
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Fig. 1 (a) Crystal structure of layered octosilicate, (b) perpendicular view of a layer in

the layered octosilicate, and (c) reverse side view of the layer in (b). Please note that
the directions of faint and strong lines are different by 90° between (b) and (c).

We focused on the delamination of a layered octosilicate?®
(Na-Oct: Nag[Si3»064(0OH)g-32H,0], so called RUB-18,2! the

2| J. Name., 2012, 00, 1-3

structure and crystallographic data are shown in Fig. 1a and
ESI, respectively) for the synthesis of silicate nanoscrolls. The
method for delamination fulfills one requirement for the
formation of nanoscrolls, i.e., a decrease in interlayer
interactions. Hence, we reinvestigated the procedure in order
to simultaneously fulfill the two requirements. From another
point of view, Na-Oct is worthy of being investigated for the
formation of nanoscrolls because it has unique layers. In one
layer, the 90°-rotated structure of the obverse side is
equivalent to the structure of the reverse side (Fig. 1b and c).
Such a relationship between the obverse and reverse sides
should prevent scrolling, because the structural relationship
makes it difficult to determine a direction for easy scrolling.
Therefore, if Na-Oct can be converted into nanoscrolls through
a sophisticated procedure, the procedure can be applied to
other layered materials from which nanoscrolls could not
previously be produced.
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Scheme 1. Formation of silicate nanoscrolls through (i) intercalation of layered
octosilicate with (C;5),DMABr and (ii) subsequent solvothermal treatment with heptane

Our previously reported method for the delamination of
layered octosilicate consisted of two steps, i.e., intercalation of
layered octosilicate with didecyldimethylammonium bromide,
followed by sonication.?® In the present study, we found that
the solvothermal treatment of layered octosilicate intercalated
with dioctadecyldimethylammonium cations leads to the
formation of nanoscrolls. The experimental procedure is
shown in Scheme 1. Firstly, layered octosilicate (Na-Oct) is
intercalated with dioctadecyldimethylammonium bromide
((C18),DMABY). Later, (C15),DMA-Oct is treated solvothermally
in heptane at 120 °C with stirring for 1 d. Further, we also
discuss the proposed mechanism for nanoscrolling.

Experimental
Materials.

SiO, and NaOH were purchased from Aldrich and Wako Pure
Chemical. Ind., Ltd., respectively, and used without further
purification  for  synthesis of layered octosilicate.
Dioctadecyldimethylammonium bromide ((C:3),DMABr) and
heptane were purchased from Tokyo Chem. Ind. Co., Ltd.
Layered octosilicate (Na-Oct) was prepared according to our
previous literature.18h

Intercalation of layered silicate with (C,3),DMABY.

(C13),DMABT (7.89 g) was added to water (500 mL) to obtain a
dispersed solution. The prepared solution was not transparent,

This journal is © The Royal Society of Chemistry 20xx
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which means that some amounts of (Cyg),DMABr did not
dissolve in the solution. To this solution (149 g), the layered
octosilicate (0.81 g) was added. The mixture was then stirred
at 80 °C for 1 h. At the end of the reaction period, the mixed
solution was centrifuged twice to remove the supernatant. The
resultant product was washed twice with ethanol for 10 min
and dried under reduced pressure. The obtained sample was
denoted as (Ci5),DMA-Oct.

Solvothermal treatment of (C;5),DMA-Oct in heptane.

(C18)2.DMA-Oct (10 mg) was added to heptane (5 mL) and the
mixture was treated solvothermally in a 100 mL Teflon-sealed
autoclave at 120 °C for 1 d with stirring at 300 rpm. The
product was denoted as solvo-(Cy5),DMA-Oct.t1 The treated
mixture itself (before separation) was used for scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM). The sample obtained after centrifugation
and drying was analyzed by powder X-ray diffraction (XRD),
and solid-state 2°Si
magic angle spinning-nuclear magnetic resonance (2°Si MAS
NMR).

thermogravimetry, elemental analysis,

Characterization.

The XRD patterns were generated on a Rigaku Ultima-Ill
powder diffractometer (Cu Ko, A = 0.15418 nm, 40 kV, 40 mA)
with parallel beam geometry. The SEM images were recorded
on a Hitachi S-4500S microscope at an accelerating voltage of
5 kV; the samples were observed after coating with Pt and Pd
metals. The samples dispersed in heptane were dropped on
carbon-reinforced micro grids and dried. Powder samples were
adhered on carbon tapes for SEM observations. TEM images
and selected area electron diffraction (SAED) patterns were
obtained on a JEOL JEM-2010 microscope at an accelerating
voltage of 200 kV. The samples dispersed in heptane were
dropped on carbon-reinforced micro grids and dried for TEM
observations. The amount of carbon, hydrogen, and nitrogen
in the samples was determined by CHN analysis (Perkin-Elmer,
2400 Series II). The amounts of Na and Si were determined by
inductively coupled plasma emission spectrometry (Agilent
Technologies, Agilent 5100). The samples were pre-treated by
melting with Li,B40;. Thermogravimetry was conducted on a
Rigaku Thermo Plus EVO 2 TG8121 instrument in a dry-air flow
(200 mL-min71). The residual amount obtained after
thermogravimetric analysis up to 900 °C was regarded as the
amount of silica in the samples. During thermogravimetric
analysis, the samples were heated at a rate of 10 °C-min~ up
to 900 °C. Solid-state 2°Si MAS NMR spectra were recorded on
a JEOL ECX-400 spectrometer at a resonance frequency of
78.65 MHz with a 90° pulse and recycle delay of 400 s using a 4
mm zirconia rotor spinning at 6.1 kHz.

Results and Discussion

The powder XRD pattern of (C,3),DMA-Oct shows that its
basal spacing (4.3 nm) was higher than that of Na-Oct (1.1
nm), while that of solvo-(Cy5),DMA-Oct (3.7 nm) decreased

This journal is © The Royal Society of Chemistry 20xx
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when compared to (C13),DMA-Oct (4.3 nm). In addition, the
peak attributed to the (400) plane of Na-Oct appeared at
around 26 = 49° due to the layer (in plane) crystallinity, being
retained after intercalation and the subsequent solvothermal
treatment (Fig. 2). Chemical analysis of (Cy5),DMA-Oct (Table
S1) shows a large decrease in the concentration of interlayer
Na cations and the insertion of (Cig),DMA cations in the
interlayer. On the other hand, chemical analysis of solvo-
(C1g),DMA-Oct (Table S1) shows the partial desorption of
interlayer ammonium cations from the interlayer. The Q3/Q*
ratios (Q" = S$i(0Si),(0/OH),_,) of (Cig),DMA-Oct (1.1) and
solvo-(Cyg),DMA-Oct (1.2) in the solid-state 2°Si MAS NMR
spectra are similar to that of Na-Oct (Fig. S1), though the
observed values are slightly higher than the value of the ideal
structure of layered octosilicate (1.0). The NMR data suggest
that the layer structure did not collapse. These XRD and 2°Si
MAS NMR results reflected the whole sample, including not
only bulk region but also nanoscrolls. Thus, the XRD and NMR
measurements were used to prove the retention of the
original silicate structure.

—3.7 nm
(c)

s
2 |[T4.3nm (b)
w
| =1
2
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—1.1 nm

N l A ..u,Jn A
10 20 30 40 50 60
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Fig. 2 XRD patterns of (a) Na-Oct, (b) (C;5),DMA-Oct, and (c) solvo-(Cyg),DMA-Oct.

Fig. 3 SEM images of (a) Na-Oct, (b) (C15),DMA-Oct, and (c and d) solvo-(C;g),DMA-Oct.

The SEM image of (Cig),DMA-Oct indicates a plate-like
morphology with slightly defective sites (Fig. S2); it is

J. Name., 2013, 00, 1-3 | 3
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essentially similar to that of Na-Oct (Figs. 3a and b). It should
be noted that the average thickness of (C,3),DMA-Oct (ca. 0.9
um) is four times greater than that of Na-Oct (ca. 0.2 um) and
the difference is consistent with that between their basal
spacings.

The SEM images of solvo-(C;3),DMA-Oct (Figs. 3c and d)
show 1D rod-like particles, though plate-like particles and
delaminated particles (Fig. S3) could also be observed. The
length of the obtained rod-like particles is 1 to 6 um. The TEM
images of solvo-(Cy3),DMA-Oct (Fig. 4) show that each rod-like
particle possesses a tubular pore inside the rod-like particle
and a layer-like structure in the wall. The inside tubular pore
size of the observed rods was in the range of 40 to 60 nm,
indicating that the obtained tubes possessed pores in the
range of boundary zone between meso- and macro-pores.
Though the quality of the TEM images (Fig. 4c) are not clear
enough to correctly count the number of stacking layers, the
number of layers in the lower wall should be equal to that in
the upper wall, or one layer larger or smaller.

The original size of a flat single nanosheet before scrolling
is calculated from the inner diameter of a nanoscroll (D = 46.6
nm) and the distance between the stacking layers in the wall (d
= 3.2 nm). The two values are obtained from a typical
nanoscroll. In this calculation, we hypothesized that the
nanoscroll is a multiwall nanotube, meaning that the cross
section of the hypothesized tube forms thirteen concentric
circles. Based on the two equations shown in the ESI, the
original size of the nanosheet is calculated to be 2.1 um. The
value is consistent with the edge length of the platy crystal,
suggesting that the scroll is composed of a layer. It should be
noted that the size of the corresponding original nanosheet
before scrolling is not always the same, with the average being
1.9 pm.

UCCTUTT T T

Fig. 4 (a) TEM image of solvo-(C;g),DMA-Oct, (b) SAED pattern of image (a), (c) high-
resolution TEM image of the nanoscrolls of solvo-(C;g),DMA-Oct, and (d) expanded
view of the square area of image (d)

4| J. Name., 2012, 00, 1-3
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The ED patterns obtained from a selected nanoscroll from
a very thin sample of solvo-(Cy5),DMA-Oct (Fig. 4b) are similar
to the ED patterns of pristine Na-Oct with four-fold symmetry
(Fig. S4), thus indicating that the walls of nanoscrolls are
crystalline in nature. In addition, all the spots in the ED
patterns contain streaks in the direction perpendicular to the
long axis of the nanoscroll. This characteristic is typical of
nanoscrolls,?? which suggests a distortion in the crystal
structure along the scrolling direction. Even if delaminated
plates are contaminated in the grid, the presence of the
streaks strongly suggest the formation of nanoscrolls. The
scrolling direction is considered to be the a- or b-axis of the
layered octosilicate (the a- and b-axes are equivalent to those
of the layered octosilicate, as shown in Fig. 1). These results
clearly show that silicate nanoscrolls could be obtained by the
solvothermal treatment of (C.3),DMA-Oct with heptane.
Because of their tubular nanopores and wall crystallinity, these
nanoscrolls can be regarded as crystalline nanoporous silica. In
addition, the retention of crystal structure in the layered
octosilicate results in orderly arranged Si—OH groups being
available on the surfaces of the pore walls. Nanoporous silica
with orderly arranged Si—OH groups on the surfaces has not
been reported thus far; the obtained nanoscrolls can be
applied as new supports for the orderly immobilization of
functional groups, which can lead to a better understanding of
catalysis and chemical adsorption.

f ——— Y N v
Fig. 5 SEM images of (C;5),DMA-Oct treated solvothermally for 2 h. (a) Surface view and
(b) side view of a plate particle. In the images, the solid and dashed lines indicate edges
of the particles and the long axis of the nanoscrolls, respectively.
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Fig. 6 (a) Relationship in the stacking sequence of Na-Oct and (b) relationship between
the grooves of neighboring layers

When the solvothermal-treatment time of (C,3),DMA-Oct is
shortened from 1 d to 2 h, nanoscrolls are observed on a platy
particle and even between layers, as observed in the SEM

This journal is © The Royal Society of Chemistry 20xx
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Scheme 2. Proposed mechanism for the formation of silicate nanoscrolls under solvothermal conditions

images (Figs. 5a and b, respectively). The solvothermal
treatment for longer reaction time should increase the
conversion ratio of pristine plates to nanoscrolls or highly
delaminated plates, resulting in the lowering of the amount of
nanoscrolls attached directly to the plates. As found for Figs.
5a and b, the long axis of the nanoscrolls is usually parallel to
the edges of a square plate, but sometimes the nanoscrolls are
orthogonal to the square plates. Orthogonal crossing is also
observed in the SEM image of solvo-(Cy5),DMA-Oct obtained
after solvothermal treatment for 1 d (Fig. S5). Because the
edges of the square plate are parallel to the a- and b-axes of
the layered octosilicate, this observation is in good agreement
with the finding that the scrolling direction is along the a- or b-
axis, as observed in the ED patterns.

The orthogonal crossing of nanoscrolls can be explained as
follows. The layers of the octosilicate contain uniaxial grooves
on both surfaces and the direction of the grooves on one side
is perpendicular to those on the opposite side (Fig. 6). A layer
is rotated by 90° with respect to the neighboring one, thus
forming an ABAB-type stacking sequence. Accordingly, when
one layer is peeled off from the outermost basal plane of a
particle, the direction of the subsequently exposed grooves
changes by 90°. Therefore, the perpendicular crossing of the
scrolling seems to be consistent with ABAB-type stacking. The
direction of scrolling is dependent on the direction of the
grooves (surface structure of a layer).

As shown above, the N/Si ratio of solvo-(C;s),DMA-Oct
(0.17) is smaller than that of (C,5),DMA-Oct (0.23) (Table S1),
and the basal spacing deceased from 4.3 nm to 3.7 nm after
the solvothermal reaction (Fig. 2). When (C;g),DMA cations
exist as the counter cations of anionic interlayer-surface SiO-,
solvothermal treatment does not lead to the desorption of
cations due to the absence of other exchangeable cations in
the solvent used. The average Br/Si ratios of (Cig5),DMA-Oct
(Br/Si = 0.07) and solvo-(C;5),DMA-Oct (Br/Si = 0.03), as
roughly estimated by the EDX analyses (Fig. S6 and Table S1),
show the presence of Br~ in both of the samples and the
decrease of (C,3),DMABr after the solvothermal treatment.
Because the Br/Si ratio of (C153),DMA-Oct is approximately 1/3
of the N/Si ratio, it is quite reasonable to estimate that
(C1g),DMABTr salts should reside in the interlayer space and

This journal is © The Royal Society of Chemistry 20xx

also on the outermost surface of (C;5),DMA-Oct. The species
adsorbed on the outermost surface should be more easily
desorbed than those in the interlayer species because of their
lesser confined environments. Therefore, the decrease in the
N/Si and Br/Si ratios can be explained by the desorption of
(C1g),DMABr salts and (C;5),DMA cations from the interlayer
space and the outermost surface of solvo-(C;g),DMA-Oct.

The effects of 1) temperature during heating treatment, 2)
autogenous high pressure in the solvothermal environment,
and 3) stirring during the reaction on the formation of
nanoscrolls are discussed on the basis of the following results.
1) Although a partial conversion into nanoscrolls is observed
by heating (Cy5),DMA-Oct at 70 °C for 1 d in a Teflon-sealed
autoclave (the SEM image is shown in Fig. S7), simple stirring
at room temperature did not lead to the formation of
nanoscrolls. This means that the treatment at higher
temperature can be effective for the formation of nanoscrolls.
2) A simple heating of (Ci5),DMA-Oct at 70 °C for 1 d in
heptane under stirring in a flask with a refluxing condenser did
not afford nanoscrolls (Fig. S8a), which suggests the essential
role of solvothermal treatment, or high pressure. 3) Also,
nanoscrolls are not formed by the solvothermal treatment of
(C1g),DMA-Oct at 120 °C for 1 d in heptane without stirring
(Fig. S8b). These results indicate that the use of a sealed
container and stirring at high temperatures are necessary for
scrolling. At normal temperature and pressure, (Cig3),DMABr
cannot dissolve in heptane. Because both of the permittivity
and viscosity of heptane at high pressures are higher than
those at normal pressure,?® the autogenous high pressure
generated in the solvothermal environment contributes to an
increase in the solubility of (Ci3),DMABr in heptane. In
addition, stirring is effective in homogenizing viscous mixtures
and hence contributes to an increased solubility.

On the basis of these results, we propose a mechanism for
nanoscroll formation from layered octosilicates using
solvothermal treatment. First of all, the intercalation of
(C1g),DMA cations into layered octosilicate can make the
forces between the neighboring layers weaker to facilitate
peeling and scrolling of the layers. (C13),DMA-Oct contains
both (C;5),DMA cations and a (C;g),DMABr salt as described
earlier. (C5),DMA cations electrostatically interact with SiO~

J. Name., 2013, 00, 1-3 | 5
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groups on the surfaces of the layers, while the (Ci3),DMABr
salt participates in hydrophobic interactions with (C;g),DMA
cations. Because the outermost silicate surfaces also contain
SiO~ groups, both (Ci5),DMA cations and the interacting
(C13),DMABTr salts should not only be in the interlayer but also
on the outermost surfaces of the layers. The ease of
desorption of (Cy5),DMABTr salts is thought to be dependent on
the location; those on the outermost surfaces should be
desorbed more easily than those in the interlayer. Therefore,
(i) (C18)2.DMABTr salts on the outermost surfaces of layers are
preferentially dissolved during solvothermal treatment. (ii)
This preferential dissolution causes the formation of an
asymmetric environment between the outermost layer with a
lower density of (C15),DMABr and the underlying surfaces with
a higher density of (Cy5),DMABr. (iii) A tensile force derived
from the asymmetric structure and the shear flow generated
by stirring promote the scrolling of layers (Scheme 2).
According to this mechanism, the scrolling of layers occurs on
the outermost surfaces of the particles before exfoliation,
meaning that all the layers cannot scroll to form silicate
nanoscrolls. In fact, we sometimes observed scrolls on
particles (Fig. S5). Cooling and/or drying after solvothermal
treatment may induce strain between the outermost and
underlying surfaces to preface scrolling. The cooling speed
after solvothermal treatment does not largely affect the
formation of nanoscrolls, though we cannot deny the
formation of nanoscrolls during the cooling process after
solvothermal treatment or during the drying process.

The introduction of asymmetricity by the desorption of
interlayer cointercalated salts is a new concept in the
formation of scrolled layered materials, although we do not
exactly understand the mechanism as yet. The method might
be applicable to the generation of nanoscrolls from other
layered materials as well. In particular, intercalation
compounds with alkylammonium cations should be re-
evaluated as precursors for nanoscrolls. We believe that the
new nanoscrolling method proposed in this study will expand
the chemistry of not only layered materials but also porous
materials.

Conclusions

Silicate nanoscrolls with crystalline walls were obtained by the
solvothermal treatment of (Cig),DMA*-intercalated layered
octosilicate in heptane. Being different from natural layered
silicates, such as chrysotile, hydrated halloysite, and artificially
scrolled natural kaolinite, this is the first report on nanoscroll
formation from synthetic layered silicate with crystalline walls
to the best of our knowledge. The size of the tubular pores
induced by the scrolling are in the range of boundary zone
between meso- and macro-pores. Although the yield of silicate
nanoscrolls is low, the nanoscrolls obtained can be regarded as
nanoporous silica with crystalline walls and regularly arranged
Si—OH groups on the inner and outer surfaces of nanoscrolled
nanosheets. The nanoporous silica is a potentially promising
material, because the pore walls can be modified in an
ordered manner by virtue of the regularly arranged Si—OH

6 | J. Name., 2012, 00, 1-3

groups and the distance between the immobilized functional
groups can be controlled. This will contribute to a deeper
understanding of catalysis and chemical adsorption among
other topics. This study is expected to motivate the re-
evaluation of many layered silicates intercalated with long-
chain alkyl
nanoscrolls with crystalline walls.

ammonium cations as precursors for silicate
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